ABSTRACT Although atrial synchronous and rate-responsive ventricular pacing have been compared, the importance of maintaining synchronized atrial systole in addition to rate responsiveness has been incompletely defined. That is, the effects of these two pacing modes on cardiac volumes and contractility have not been studied. Accordingly, 16 patients with normal ventricular function were studied while in the upright position and at rest with gated radionuclide ventriculography during both atrial synchronous and ventricular pacing. Twelve of these patients were also studied during low-level upright exercise (300 kilopond-meters). Rest and exercise ventricular pacing heart rates were matched to those recorded with synchronous pacing. Ventricular volumes were determined with a counts-based method. The ejection fraction and peak systolic pressure/end-systolic volume ratio were used as measures of contracility. At rest there were no significant differences in either volumes or contractility between the two pacing modes. However, during exercise to identical heart rates, blood pressures, and workloads, although stroke volume was the same during exercise with atrial synchronous and ventricular pacing (78 + 13 vs 75 12 ml), end-diastolic and end-systolic volumes were lower with ventricular pacing than with atrial synchronous pacing (end-diastolic volume 101 13 vs 113 + 16 ml, p < .001; end-systolic volume 26 ± 4 vs 35 ± 7 ml, p < .001). Stroke volume during ventricular paced exercise was maintained at atrial synchronous pacing levels by means of increased contractility (ejection fraction of 74 4% during ventricular pacing vs 69 5% during atrial synchronous pacing, p = .002; peak systolic pressure/end-systolic volume ratio of 6.51 + 1 during ventricular pacing vs 4.85 + 1 during atrial synchronous pacing, p < .001). Thus, during upright bicycle exercise to workloads corresponding to those of usual daily activities, rate-responsive atrial synchronous pacing results in enhanced ventricular filling and spares contractile reserve when compared with rate-responsive ventricular pacing. Circulation 72, No. 5, 1037No. 5, -1043No. 5, , 1985 
tncular pacing and whether hemodynamic differences exist between the two pacing modes is of importance in assessing the need for maintenance of atrioventricular synchrony in patients with pacemakers.2 Accordingly, we used previously validated radionuclide ventriculographic techniques in patients with normal ventricular function to examine cardiac volumes and contractility at upright rest and with low-level exercise during both atrial synchronous pacing and rate-adjusted ventricular pacing. In addition to the ejection fraction, the peak systolic pressure/end-systolic volume ratio was used as an index of contractility, since it has been shown to be more sensitive in detecting subtle changes in myocardial function. tients were paced in the programmed mode at all times. During All patients had normal ventricular function at rest, prospectiveall parts of the protocol, ventricular contraction was precipitated ly defined as an ejection fraction of 55% or greater without any by a pacemaker stimulus (i.e., atrioventricular conduction regional wall motion abnormalities. Seven patients had received through the normal pathway did not occur during synchronous pacemakers for, symptomatic sinus node dysfunction, three for pacing) to eliminate pacemaker-induced vs normal ventricular complete heart block, four for incomplete or intermittent heart depolarization and contraction as a potential confounding variblock, and two for carotid sinus hypersensitivity. The time from able.6 implantation was less than 11 days in seven of the patients, and
Exercise protocol. The patients were studied while in the 90 ranged from 1.5 to 16 months in the other nine. None of the degree upright position and in the postabsorptive state. Ten subjects were trained athletes and none were receiving cardiac minutes after each patient was in the starting position in the first medications.
pacing mode, scanning was done while he or she was at rest with Four patients studied at rest could not be studied completely a heart rate as close to 70 beats/min as possible. After the resting during exercise. Two patients developed severe discomfort scans were obtained, the patients exercised in the same pacing (shortness of breath, chest pulsations, and weakness) during mode on a bicycle ergometer-imaging table combination (Nuexercise in the ventricular mode -symptoms consistent with clear Associates, Carle Place, NY) that allowed the subject to intolerance of ventricular pacing, or the pacemaker syndrome .' exercise vigorously in the 90 degree upright posture while mainOne was too tired to exercise, and one developed a higher sinus taining a stable position under the gamma camera. Continuous rate with ventricular paced exercise and could not be studied at a bicycle exercise was done at a constant workload of 300 kilorate comparable to that produced by atrial synchronous pacing.
pond-meters (kpm) at a pedal speed of 60 to 70 rpm. After 3 min These four patients were studied in the two pacing modes at rest of exercise, a scan was acquired spanning the subsequent 2.5 only.
min of exercise. Blood pressure measurements were taken at Pacing protocol. On the day before the radionuclide study, rest and at each minute of exercise and recovery by a single subjects underwent a S min period of bicycling in the DDD observer who was unaware of the pacing mode. After a 30 min pacing mode with electrocardiographic monitoring to determine rest period, scanning was repeated in the same pacing mode at their heart rate at the end of the exercise period. During the upright rest to ensure return to baseline. Pacemakers were then actual exercise study, this heart rate was programmed in the programmed to the alternate pacing mode and, again, to mainventricular pacing mode at the onset of exercise. During exertain a heart rate as close to 70 beats/min as possible, and the Cardiac output was calculated according to the formula: cardiac output = heart rate x stroke volume, and left ventricular ejection fraction from: stroke volume/end-diastolic volume. Correlation between left ventricular ejection fraction determined by this method and that obtained with contrast cineangiography in this laboratory has been demonstrated to be r = .90, p < .001.13 The peak systolic pressure/end-systolic volume ratio was calculated as the sphygmanometrically determined systolic blood pressure divided by end-systolic volume. 3 Statistical analysis. Left ventricular end-diastolic, end-systolic, and stroke volumes, cardiac output, ejection fraction, and peak systolic pressure/end-systolic volume ratio were measured at rest and during exercise with both ventricular and atrial synchronous pacing at similar heart rates. Results at rest and during exercise as well as with the two pacing modes were compared. All data were mean + 1 SD. Statistical analysis was performed with the paired t test, and a p value (after Bonferroni adjustment) of <.0125 was considered indicative of statistical significance. 14 
Results
Resting heart rate (71 ± 4 vs 72 ± 3 beats/min, atrial vs ventricular), systolic blood pressure (124 + 12 vs 128 + 15 mm Hg), and diastolic blood pressure (77 ± 7 vs 79 ± 9 mm Hg) were similar in the atrial synchronous and ventricular pacing modes. Left ventricular volumes were also comparable in the two pacing modes: end-diastolic volume was 95 ± 12 ml during atrial synchronous pacing vs 93 ± 11 ml during ventricular pacing and end-systolic volume was 32 ± 6 ml during atrial synchronous pacing vs 30 ± 5 mi during ventricular pacing with identical stroke volumes (63 ± 9 ml). The ejection fraction (66 ± 4% atrial synchronous pacing vs 67 ± 5% ventricular pacing) and peak systolic pressure/end-systolic volume ratio (3. Synchronous pacing 
Discussion
The purpose of this study was to compare ventricular performance at rest and with upright exercise during atrioventricular sequential and ventricular pacing to the same heart rate. Three new findings were that (I) end-diastolic volume at upright rest is similar in both pacing modes, (2) end-diastolic volume during exercise is greater with synchronous than with ventricular pacing, and (3) stroke volume is maintained at atrial synchronous pacing levels during ventricular paced exercise through increased contractility.
Previous studies have examined the contribution of atrial systole to ventricular function, but in patients with abnormal ventricles who were at supine rest. Under these conditions, well-timed atrial systole variably improves cardiac output. [15] [16] [17] [18] [19] [20] [21] [22] [23] Fewer data are available on normal subjects, particularly in the upright posture,2'26 and cardiovascular hemodynamics and volumes differ in supine and upright subjects.7 [27] [28] At upright rest, in contrast to findings of previous studies in supine subjects, we found that end-diastolic, end-systolic, and thus stroke volume were similar in the two pacing modes. Furthermore, the volumes and measures of contractile function were equal to those of normal subjects at upright rest in sinus rhythm. in end-systolic volume, the latter reflecting a greater increase in myocardial contractility.
